INTRODUCTION
In ophthalmotonometry certain mechanical pressure is usually applied to the eyeball. It is well known that under mechanical pressure visual function such as visual acuity, photosensitivity, etc. is lowered or abolished because of impaired circulation of the retina. The effect is, however, only temporary when pressure is moderate and of short duration. This temporary effect may be utilized for investigation of the retinal mechanism of vision, because it is certain that the central mechanism is not involved in the effect.
In the present paper the effect of mechanical pressure applied to the eyeball was investigated upon the electrical excitability of the human eye.
Measurements of electrical excitability were done by Bourguignon & Dejeanll in their investigation on the chronaxy of the human eye. Motokawa2) used the method of electrical stimulation in combination with photic stimulation for analyzing retinal processes, and a similar method of electric flicker was applied by Motokawa & Suzuki5) for meas uring fatigue. In all these measurements it seems very difficult to rule out the possibility of involvement of the central nervous system, because the index for the measurements was a subjective sensation of electrical phosphene.
As will be shown below, the present investigation has fully confirmed the idea of the previous authors that the seat of electrical stimulation is the retina itself. in such a way that the subject could look at a target through the cylindrical pipe of the holder, where the eye-disc was in tight contact with the half opened lids. The one end of the cylindrical holder was fitted to the face of the subject so well that no dislocation took place between the eye-disc and the lids, and between the holder and the face, either. The satis factory fitness of the holder to the face was secured by means of an impressed model, D, of acrylic resin. The pressure could be controlled by shifting the clamp, E, along the longitudinal axis of the cylinder. Pressure for each position of the clamp was calibrated by a balance.
In most experiments an apparatus of smaller size, 25 cm, in length and 3 cm. in diameter was used, but the visual field for this apparatus was so small that it was not suitable for investigation of retinal peripheries. In such cases another one of larger size, 20 cm. in length and 10 cm. in diameter was used.
2. Measurements of electrical excitability of the eye The arrangement for stimulation of the eye was the same as that used by Motokawa,s> but the method for threshold determination was dif ferent ; Motokawa and others used to determine the threshold, descending Pressure and Excitability of Retina 147 from a high voltage to the threshold one, but in the present investigation the stimulating voltage was graded in the reverse direction , that is, from a suhthreshold one to the threshold. I found that this method was as easy as the previous one, once the subject became accustomed to the pro cedure, and that the determination was not complicated with multiple thresholds which could be encountered in the previous method, as was reported by Motokawas) and Motokawa & Isobe.'> By the ascending method only one threshold, the lowest one, is measured. The stimulating voltage V was controlled by a resistance, R, and could be expressed in terms of R as follows :
Some protocols are shown in Table I . The stimulating voltage was raised step by step till the subject reported some vague sensation and demanded comparison procedures, in which the stimulus in question was compared with the one of zero-voltage.
Failure in discrimination of the two stimuli is denoted by (-), and success by (+). Simple plus signs mean that the subject could perceive an electrical phosphene without comparison procedure. relation between pressure and the test stimulus, S, is also shown. In one series of experiments the test shock was applied 3 seconds after the onset of pressure, which was removed after the subject's response. In the second series the test shock was applied 0.5 seconds after 3 seconds' application of pressure, and in the third the interval between the termination of pressure and the test stimulus was 3 seconds. As can be seen in the figure, no difference could be found among the results obtained in these three series.
In all cases the electrical excitability decreased with increases of the mechanical pressure applied. Except for the pressure range lower than 50 g., the decreases is found to be approximately linear with the pressure. At the highest pressure, 300 g. in these cases, the electrical excitability is about 60 per cent of the resting level. The fact that under the three diffe rent conditions similar results were obtained suggests that the effect of pressure remains unchanged for at least 3 seconds after removal of the pressure. It is to be noted that this seems to hold good for the measure ment.carried out with pressure as low as 50 g.
2. Dependence of electrical excitability of the eye on the duration of pressure
In the next series of experiments, the dependence of excitability on the duration of pressure was investigated.
The results are shown in Fig. 3 The period of pressure application was varied from 1 to 10 seconds, two intensities 100 and 200 g . being used. The results are shown in Fig. 4 , in which open circles and crosses refer to the data obtained with 100 and 200 g. respectively .
From the curves shown in Fig . 4 the following general features can be found : 1) The longer the duration of pressure the longer the recovery time for instance, recovery times are 5 , 7, 8 and 10 seconds when press sure of 100 g. lasted for 1, 3 , 6 and 10 seconds respectively. 2) The time course of recovery is S-shaped ; at the initial stage, recovery is very slow or no recovery occurs. This stage lasts for 2 or 3 seconds. At the intermediate stage, recovery is more rapid, but becomes slower again at the final stage.
3) The recovery time is longer for 200 g. than for 100 g., but the difference is only small. It is to be noted that a brief mechanical pressure of 100 g. lasting only 1 second causes an after-effect of such long duration as 4-5 seconds.
4. Pressure and retinal circulation In all the above-mentioned experiments the eye-disc of the form illustrated in Fig. 2 was used to transmit pressure to the eyeball , and the pressure was expressed in grams. The question arose as to whether the effect of mechanical pressure should depend on the size of the circular opening in the eye-disc. This question was important, because the opening had to be widened for ophthalmoscopic examination of the retina subjected to the pressure. In the following experiments three kinds of eye-disc were used ; one was a disc 25 mm. in diameter without any opening, the second a disc of the same size with an opening 6 mm. in diameter, and the third a similar disc with an opening three times as great as the former. The pressure was applied for 3 seconds and the electrical excitability was tested 3 seconds after re moval of the pressure.
The data obtained are shown in Fig. 5 , in which percentage excita bility is plotted against pressure. The data obtained with the three differ ent eyediscs coincided satisfactorily with one another in two subjects whose data are represented by the upper and the lower diagrams of Fig.  5 . This fact indicates that the effect is independent of the size of the opening in the eye-disc. After confirmation of this situation I tried to determine the value of pressure required k to check the pulsation of the central artery of the retina, using the eye-disc of a wider opening and an ophthalmoscope.
The examination was carried out in a subject lying on a bed. The eye-disc mentioned above was held in place in the same manner as in the experiments on electrical excitability. This time, however, weights for a balance were used instead of a spring to apply pressure to the eyedisc. In three subjects it was found that retinal circulation was just checked by a pressure of 460-480 g.
5. Influence of pressure on the photosensitivity of the retina In Fig. 6 , dark-adaptation curves obtained after preliminary light adaptation of 5 minutes to an illumination of 1000 millilamberts are il lustrated. They were determined with Nagel's adaptometer. A target of 10° in visual angle was used. A pressure apparatus of greater size had to be used, for the visual field of the apparatus employed above was too narrow to cover an area of 10° in visual angle. The larger one illus trated in Fig. 1 proved to be useful for this purpose. Intensity of pressure for each curve is given in grams.
Ordinates : log of light thresholds.
Abscissae : time in minutes from onset of dark-adaptation.
Light thresholds were measured from 3 to 8 seconds after the onset. of pressure, because the effect of pressure is steady during this period (cf. Fig. 3 ). As usual, two portions can clearly be distinguished in the normal adaptation curve determined without application of pressure (the bottom curve in Fig. 6 ).
Light thresholds are generally increased by mechanical pressure (cf. curves labeled 100 and 200 g. with bottom curve). It seems that i ncreases of thresholds in the initial portion or the so-called cone-branch are slighter than those in the later portion or the rod-branch. No qualita tive change, however, occurs in the adaptation curve, Kohlrausch's kink appearing at about the same time from the onset of dark-adaptation ir respective of the magnitude of pressure applied.
DISCUSSION
In a previous paper, Motokawa et al.8> reported that the electrical excitability of the eye rapidly decreased under low atmospheric pressure, but recovered promptly on oxygen supply. Hecht et al.9> and McFarland and others") reported also that visual function decreased on breathing air of low oxygen tension and recovered as soon as oxygen was supplied.
From these experiments, however, it is impossible to decide the ques tion as to whether or not the observed impairment of electrical excitability or visual function was caused by local anoxia. In the present experiments local anoxia was produced by mechanical pressure applied to the eyeball.
Although the intensities of pressure applied were always lower than the critical value of pressure required to check retinal circulation, the decrease in electrical excitability of the eye caused by the pressure was conspicuous, and the magnitude of decrease ran parallel to the intensity of pressure. This fact indicates that the electrical excitability is determined by the retina itself, but not by the central nervous system. In the present experiments the electrical excitability did not decrease below 5000 of the resting level even when a pressure near the critical one was applied for a few seconds. If such a pressure had been applied for a longer time, a further decrease would have been observed. However, no such ex periment was done for fear of retinal injury.
At first it was surmised that the intact eye might have been stimu lated by current spread and served to keep the electrical excitability above 50% of the resting level. But this supposition was not shown to be true, for each subject reported that electrical phosphenes appeared always in the eye subjected to pressure, but not in the contralateral intact one . Further it was confirmed that no further decrease was caused by com pression of both eyeballs together.
The findings that both cone-and rod-branches of the dark-adaptation curve were affected by compression of the eyeball, and that effects were a little greater upon the rod-branch than upon the cone-branch seem to agree with the data obtained by McFarland and by others in their experiments carried out in pressure chambers. McFarland suggested that the changes were not concerned with the photochemical substances of the retina, but with the neural elements of both retina and central The present experiment has provided the most convincing evidence that the electrical excitability of the eye is determined by the physiological state of the retina itself.
SUMMARY
1. In this experiments a special apparatus to compress the eyeball was devised, and effects of pressure on the electrical excitability of the dark-adapted eye were investigated.
2. The intensity of the electrical test stimulus, a rectangular pulse of 0.1 second was increased step by step from a subthreshold level, and threshold voltages necessary to evoke the minimal electrical phosphene were determined.
The electrical excitability or reciprocal of threshold was expressed in percentage of the resting level.
3. When pressure of 100-400 g. was applied to the eyeball, the electri cal excitability decreased rapidly within a few seconds, and then remained constant for about 4-5 seconds, to be followed by a second rapid decrease. The steady level mentioned above remained always above 50% of the resting level. There was a linear relation between the intensity of pressure and the decrease of excitability caused by the pressure.
4. The effect of pressure of 1-10 seconds in duration and 100-200 g. in intensity remained unchanged about 3 seconds after removal of the pressure, and it took 5-10 seconds for complete recovery.
5. With the same pressure apparatus the critical value of pressure required to stop retinal circulation was determined by means of an oph thalmoscope in three subjects, and values 460-480 g. were obtained.
6. In order to investigate the effect of pressure on the photosensi tivity, dark-adaptation curves were determined under pressure by Nagel's adaptometer, and it was found that light thresholds were increased by pressure in both cone-and rod-branches of dark-adaptation curves.
All these findings have provided evidence that the electrical excitability of the eye is determined by the state of the retina.
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